We studied proteoglycan distribution In areas of spontaneously occurring high and low permeability by TEM examination of ruthenium red-stained sections of the aortic arch of normollpemlc and hyperllpemlc pigs. We noted granules of two sizes: those smaller than 20 nm contained heparan sulphate, and those from 20 to 50 nm In size contained chondroltln or dermatan sulphate. In the aortas of pigs fed a normal diet, there were significantly more granules of both types In low permeability areas than in areas permeable to Evans blue dye. This is consistent with the theory that glycosamlnoglycan provides a component for the control of aortic permeability. In the aortas of pigs fed cholesterol, there was an accumulation of llpid-fllled monocytes In areas of high permeability and an Increase In proteoglycan granule concentration, suggesting an Increase In glycosamlnoglycan concentration, which may be the precursor to extracellular lipld deposition.
E vans blue dye has been used as a probe or marker for the identification of areas of the aortic intimal surface which are spontaneously hyperpermeable to 131 l-albumin, 12 or 131 l-fibrinogen, 3 or 3 Hcholesterol. 4 It has been shown that permeable areas accumulate more cholesterol than contiguous, less permeable areas, when the animal studied has been fed a hypercholesterolemic diet. 5 Such areas have generally been considered the sites where the initial stages of the atherosclerotic process develop. 6 In lipid-fed animals, early atherogenic changes have been described in anatomical locations similar to those that are permeable to Evans blue in macroscopically normal vessels. 16 " 8 More recently Gerrity et al. 9 have shown that, in the prelesion stages in swine fed an atherogenic diet, more monocytes accumulate on the endothelial surface of the areas per-meable to Evans blue dye than on the impermeable areas, and that lipid-filled monocytes were present in the intima of blue areas but not in the white areas. Subsequently, raised fatty lesions developed in the arch within the confines of the Evans blue dye uptake. 10 Hyperpermeability to Evans blue dye, however, which is experimentally induced by removal of the endothelium with a balloon catheter, is not associated with lipid deposition, in contrast with the accumulation of lipid within the spontaneously occurring blue areas of the aortic arch. When lipid accumulation was studied in rabbits after deendothelialization either in the presence 11 or absence 12 of diet-induced hypercholesterolemia, lipid (demonstrated by oil red 0 stain and biochemical analysis) was deposited preferentially or exclusively in the neointima covered by regenerated endothelium. The neointima that remained uncovered by endothelium and stained intensively with Evans blue dye contained little or no lipid. 1112 In morphometric studies on rabbit aortas using ruthenium red dye to identify proteoglycans on transmission electron microscopy (TEM), we found that the endothelium-covered neointima showed an increased concentration of proteoglycans (PG) compared to the intima-media of normal aortas. The blue areas, lacking endothelial cover and hyperpermeable to Evans blue dye, showed a marked decrease in proteoglycan material. Thus, lipid accumulation was associated with an increased concentration of PG in the endothelium-covered neointima, indicating that a possible mechanism might be the trapping of low density lipoprotein (LDL) by PG in these areas. 13 This article reports our exploration of the possible relation of proteoglycans to permeability and the proteoglycan role in response to lipid feeding using TEM examination of the ruthenium red-stained aortic arches of normally fed and hyperlipemic pigs.
Methods

Animals
We studied nine Yorkshire-Landrace pigs, 9-25 weeks of age. Five pigs were fed a commercial pelleted diet (Purina Hog Chow, Ralston-Purina Company, Toronto, Canada) and water ad libitum. Of this group, three were killed after 1 week; one, after 12 weeks; and one, after 15 weeks on the standard diet. Four pigs, 8-10 weeks of age, were fed the same pig chow diet supplemented with 1.5% USP cholesterol and 19.5% lard and were killed after 15 weeks on the diet.
Protocol
The animals were anesthetized by an intravenous injection of sodium pentobarbitol (Diabutal, Diamond Laboratories, Des Moines, Iowa), and the jugular vein and carotid artery were exposed and cannulated. Evans blue dye (50 ml) (Baker Chemical Company, Color Index 23860, Toronto, Canada) was introduced through the jugular cannula. The dye was prepared as a 0.5% solution in sterile 0.85% saline and filtered through a 0.2 u Gelman Metricel filter before use. One normally fed pig fed the standard diet for 1 week was injected with saline instead of Evans blue dye, but was otherwise processed in the same way.
Three hours after the Evans blue dye injection, the animals were lightly reanesthetized as above, the carotid cannula was connected to a pressure perfusion apparatus, and systolic blood pressure was measured. The left femoral artery was exposed and cut, and the pig was bled for 2 to 4 minutes, during which time 500 ml of oxygenated, heparinized Krebs-Ringer-bicarbonate solution (isotonic with pig serum at 37°C, pH 7.2) was perfused through the carotid cannula at systolic pressure. This was immediately followed by perfusion of 1 liter of fixative (2% glutaraldehyde, 0.1M sodium cacodylate, pH 7.35, 440 rhOsm) at systolic blood pressure and at 37°C. After perfusion, the aorta was removed intact and opened longitudinally along the ventral surface while immersed in fixative, and 1 cu mm blocks were excised from both blue and white sites in the aortic arch. All tissue blocks were fixed at room temperature for a further 6 hours in buffered glutaraldehyde containing 75 mg% ruthenium red dye, then washed for 1 hour in two changes of 0.1 M sodium cacodylate buffer, pH 7.35, containing 7.5% sucrose and 0.5 mg/ml CaCI 2 , and postfixed in 1.5% buffered OsO 4 containing 75 mg% ruthenium red dye. 14 The blocks were next dehydrated in ethanol, embedded in Spurr's resin, and sectioned on a Reichert ultramicrotome. Ultrathin sections were collected on uncoated 200-mesh copper grids and, with no further staining, were examined in a Philips 301 electron microscope. Frozen sections of tissue from blue and white areas were stained with oil red O and examined by light microscopy.
Quantitation of Ruthenium Red-stained Material
The ruthenium red-stained granules seen in TEM are considered to represent the proteoglycan monomer of the proteoglycans. 13 ' A6~18 Since it is possible that PG may be extracted from tissue during preparation for TEM, all the material was processed according to the same protocol and morphometric analysis was performed by counting the granules per unit area of the section; this is consistent with the results of chemical extraction and assay of the glycosaminoglycan content. 1319 This morphometric analysis reflects quantitative differences in distribution of PG at the resolution of electron microscopy rather than total content, which is better assessed by chemical analysis.
Four to six areas from each of the blue-stained or white unstained areas of each pig aortic arch were sampled. Of these, one or two were stained en bloc with ruthenium red dye. A total of 48 samples was processed with ruthenium red dye. Two or three blocks from each sample were sectioned and examined by TEM.
Sections cut from samples were coded so that the site from which the sample originated was not known to the electron microscopist. The areas were randomly selected and photographed at x 25,000 magnification. A minimum of five grid spaces was photographed. The number of ruthenium red-stained granules of each of the two main types were counted: 20-50 nm in diameter (large) and less than 20 nm in diameter (small). The data were finally expressed as granules per micrometer squared (urn 2 ) of the intercellular space of the pig aortic arch intima in the subendothelial space (SES) 1 urn beneath the endothelial cells, and below one layer of smooth muscle cells but above the internal elastic lamina.
The area of the intercellular space (Aa) was estimated by the technique of point counting using a simple lattice and applying
where Pi = the number of intercepts on the intercellular space, Pt = the total number of intercepts, and Pp = the point density. 20 The intercellular space comprised the total area of the tissue outside the cell boundaries. The numerical density was assumed to be proportional to the number of profiles per unit area since the granules are considered spherical, and the thickness of the sections was constant.
Statistical Analysis
The samples were decoded and the results of the granule counts were grouped according to the origin of the sample (i.e., blue or white; cholesterol-fed or normally fed). The data were analyzed using a oneway analysis of variance to determine if there was a statistical difference between the concentrations of granules in corresponding regions of the sections in blue compared to white areas of normally fed and cholesterol-fed animals. A two-way analysis of variance was used to determine if there was a difference between the granule concentration in the aortic arch of cholesterol-fed compared to normally fed pigs in corresponding areas of the sections from white areas or blue areas. Because of the skewed distribution of the data, they were transformed to the square root instead of to the observed value for the statistical analysis. Random duplicate counts were carried out to confirm the consistency of the counting, and the acceptable variation was considered to be within 10%.
Enzyme digestion of the tissue was carried out as described elsewhere 13 to assess the types of PG.
Results
Ultrastructural examination of ruthenium redstained sections of pig aortic arch showed the presence of granules considered to be monomers of the pQ. [16] [17] [18] The morphology of the granules was consistent with other descriptions 13 ' 1fM8 in that they were of two main types: large granules 20-50 nm in diameter and small granules less than 20 nm in diameter. The small granules were seen in the basement membrane of the endothelial cells of white areas, in the subendothelial space below the basement membrane of white and blue areas, and in the electron semidense layer around most smooth muscle cells. Granules associated with elastin and collagen were present but were less numerous and less densely stained than in rabbit, 13 monkey, 16 or human 18 aortas. The large granules of the white areas, which are not permeable to Evans blue dye, had fine, apparently interconnecting fibrils giving a mesh-work appearance, and were usually in an electron-lucent matrix. In blue areas, which are permeable to Evans blue dye, the large granules rarely had any associated fibrils, did not show the mesh-work appearance and were in aflocculent, amorphous, electron semidense matrix (figure 1). The fibrils associated with the granules may represent the hyaluronic acid of the PG aggregate. 21 " 23 The granules were characterized by their susceptibility to enzyme degradation. The large granules and their projections were removed by incubation of the tissue with testicular hyaluronidase or chondroitinase ABC. The small granules were not removed by this treatment (figure 2).
The numbers of both types of granules per micrometer squared of the regions quantitated are given as means and standard deviations in table 1. The statistical significance of the granule content comparing blue and white areas in the normally fed and cholesterol-fed pigs showed the following. In four normally fed pigs there was a highly significant difference (p < .0001) between the small granules of the SES of blue and white areas, with more in white areas; there was a highly significant difference (p < 0.001) between large granule concentration, with more in white than in blue areas. There was a highly significant difference (p < 0.0001) between the con- centration of large granules in the deep intima, with more in white than in blue areas; there was no significant (p = 0.07) difference in the concentration of small granules in the deep intima. There were no significant differences between the observations on the animals after 1, 12, or 15 weeks on the normal diet.
The granule distribution was examined in the aortic arch of a pig fed a normal diet where Evans blue dye had not been given. Areas corresponding to those which usually stain blue or usually remain un-stained showed similar morphologic features and similar ruthenium red-staining of the granules in corresponding areas to those seen after injection of Evans blue dye. The data from this animal are not included in the statistical analysis.
After cholesterol feeding to achieve a mild hypercholesterolemia, there was an accumulation of lipidfilled macrophages in blue areas ( figure 3 ). Comparing white with blue areas, the distribution of granules showed the following: there was no significant difference between the concentration of large granules in blue and white areas; there was a significant difference between the concentration of small granules, with more in the SES (p < 0.0001) and deep intima (p < 0.01) of the white areas than of the blue areas ( figure 4 ).
Comparing the concentration of the granules after cholesterol feeding with normally fed controls showed the following: in white areas there was an increase in small granules of the SES (p < 0.01) and no change in small granules of the deep intima (p = 0.2); there was no change in large granules of the SES (p < 0.6) and a decrease in large granules of the deep intima (p < 0.01); in blue areas there was an increase in both small and large granules of the SES (p < 0.001); there was no change in the small granules of the deep intima, but an increase in large granules of the deep intima (p < 0.003). The comparison between cholesterol-fed and normally fed animals is presented in table 2.
Light microscopic examination of oil red O-stained frozen sections showed no extracellular lipid in tissue from normally fed animals. In the cholesterol-fed animals, lipid-filled macrophages were seen in the blue areas and extracellular lipid was seen occasionally in only the blue areas.
Discussion
Ruthenium red-stained granules were seen by TEM in the aortic arches of cholesterol-fed pigs and pigs fed a normal diet. These granules have been described in the aortas of other species 16 " 18 and they are considered to be the glycosaminoglycan or the proteoglycan monomer of the proteoglycans. Our results were consistent with other observations 13 ' 18 ' 17 in that the larger granules were removed from the tissue by hyaluronidase and chondroitinase ABC, in- The number of areas quantitated are given in parentheses. Values are means ± SD. 'Indicates significant differences between nonmaliy fed and cholesterol-fed.
dicating that they may contain chondroitin and/or dermatan sulphate. The smaller granules were not removed by these enzymes. The ruthenium redstaining was not affected by Evans blue dye injection.
The concentration of these granules was quantitated, using morphometric analysis, in order to compare their distribution within the pig aortic arch and to observe the effect of cholesterol feeding. Such morphometric analyses have the limitations common to many morphometric techniques. The distribution of the granules in the extracellular space was not uniform, hence the large standard deviation. Because of this, the micrographs were taken without knowledge of the origin of the tissue and the areas photographed were randomly selected; the total number of granules in the extracellular space of each micrograph was counted in order to estimate the concentration in as large an area as possible. However, the differences in distribution of the granules between the samples examined was striking and the morphometric analysis as carried out was considered to reflect these differences.
As demonstrated by ruthenium red-staining of the intima of the aortic arch, the PG showed marked differences in areas of spontaneously occurring high permeability to macromolecules compared with areas of lower permeability.
The mechanisms controlling the permeability of the large arteries are not completely understood. However, the PG may form an important component. Studies on the transmural distribution of low density lipoprotein (LDL) in grossly normal human aortas, 24 of labelled LDL in rabbit aortas, 25 of labelled cholesterol in pig aortas, 28 and of labelled albumin in rabbit 27 and pig 2 aortas, suggest that these macromolecules enter mainly via the intima and that the major resistance to transport across the arterial wall lies in the endothelium 2 or in the intima beneath the endothelium. 25 ' 27 This has been correlated with the transmural distribution of extracted glycosaminoglycans which shows a decrease in concentration from intima to outer media; 28 it was suggested that the distribution of glycosaminoglycans affects diffusion processes within the artery wall. 27 Arterial permeability to small molecules and ions such as Ca + + and H 2 O has been shown to be related to the ratio of sulphated to nonsulphated glycosaminoglycans; 29 a decrease in hyaluronic acid relative to chondroitin-4 sulphate and dermatan sulphate resulted in an increase in mural permeability. Aortic acid mucopolysaccharides have reportedly played a "passage resisting role" to large molecules in pig aortas in vitro, 30 and the existence of a subendothelial barrier located in the basement membrane rather than in the internal elastic lamina has been suggested.
Our studies show that in areas showing spontaneously occurring permeability to Evans blue dye, to 131 l-albumin, 12 to 131 l-fibrinogen, 3 or to ^-cholesterol, 4 there is a significantly lower concentration of PG as shown by ruthenium red-staining in TEM, than in contiguous areas of low permeability to these molecules. There is a higher concentration of small granules in the basement membrane of the endothelial cells in white than in blue areas. This difference is highly significant and is seen in both normally and cholesterol-fed pigs. Although these small granules have not yet been positively identified, they are removed from rabbit aorta by nitrous acid 13 and it seems likely they represent heparan sulphate. They are morphologically similar to the granules seen in the glomerular basement membrane which have been identified as heparan sulphate, 3132 and it has been shown that heparan sulphate is produced by endothelial cells in tissue culture. 33 ' M Since the concentration of small granules associated with the smooth muscle cells of the deep intima is similar in blue and white areas, it appears that the limit to permeability is associated with the endothelial basement membrane.
It has been shown that the spontaneously occurring blue areas have more dead and injured endothelial cells; 35 -38 the difference in permeability has been largely attributed to this, rather than to the differences in the fine structure of the endothelial cells. 38 Hemodynamic stress has also been correlated with uptake of Evans blue dye and damage to the endothelium. 37 The lower PG concentration in blue areas may, in part, be the result of the hemodynamic stress-induced damage to the endothelial cells which results in death and sloughing of endothelial cells and the loss of the small granules associated with these cells. This, in turn, results in increased permeability and subendothelial edema. 38 This hemodynamic stress would be comparable in cholesterol-fed pigs. The increased permeability of the blue areas may also allow an increased influx of nonspecific proteases from the plasma, resulting in the degradation of PG within the vessel wall. In addition, LDL may also enter the vessel more freely in blue than white areas, and LDL-GAG complexes formed within areas of high permeability may then return to the blood stream. 38 This would be consistent with the comparatively late appearance of extracellular lipid in hyperlipemic animals. In studies of PG, visualized with ruthenium red in the wall of the deendothelialized rabbit aorta, 13 we reported a reduction in PG to below normal values in areas of high permeability to Evans blue dye, supporting the concept that increased permeability is related to reduced PG concentration in the vessel wall, associated with loss of covering endothelial cells.
Cholesterol feeding to achieve a modest hyperlipemia in young pigs resulted in an increased cholesterol uptake and content in blue areas 5 and alterations in lipid metabolism. 39 After 15 weeks of cholesterol feeding, oil red O-positive raised lesions were seen in the blue areas of the pig aortic arch. 10 There were no ultrastructural changes in the endothelial cells. Many lipid-laden cells were present in the intima of blue areas, while very few were seen in white areas. The lipid-laden cells were considered to be macrophages rather than smooth muscle cells. 9 -*° These cells also lacked the small granules associated with the smooth muscle cells.
In blue areas, occasional extracellular lipid droplets were seen; this stage may represent the earliest appearance of the extracellular lipid seen after 30 weeks of cholesterol feeding. 10 In blue areas there was also a significant increase above the control level in the concentration of large granules in both the subendothelial space and the deep intima. Although this was not significantly greater than the concentration of these granules in white areas, there was a decrease in concentration of the large gran-ules in white areas compared to control levels, and no lipid was seen. In addition, there was a significantly greater concentration of small granules of SES in the white than in the blue areas. Thus, in the cholesterol-fed pig model the large granules of the PG may be associated with sequestration of extracellular lipid only in areas of increased endothelial permeability. This is consistent with our observations following balloon deendothelialization of the normolipemic rabbit aorta in which there was a selective accumulation of lipid and both types of PG granules, in areas covered by regenerated endothelium as shown by ruthenium red stain. In areas not covered by endothelium, there was a decrease below normal values in both types of granules with no lipid accumulation. 13 This was interpreted as indicating that the PG provides a mechanism for sequestration of LDL entering from the blood.
There is an extensive literature relating to the possible involvement of nonfibrous arterial wall connective tissue in the accumulation of lipid and in the development of atherosclerosis. 41 " 53 Studies on total glycosaminoglycan content in extracted material from the aortas of experimental animals fed an atherogenic diet show correlations with our observations. A decrease in aortic glycosaminoglycan was seen in rats 54 and in rabbits. 55 The decreased glycosaminoglycan content of rabbit aortas after 12 weeks of cholesterol feeding was correlated with an increase in permeability to 131 l-labelled albumin. 55 In pigs fed cholesterol for 17-21 weeks, no change was seen in aortic glycosaminoglycan content 29 and in monkeys there was similarly no change in extracted glycosaminoglycan after 12 weeks on an atherogenic diet. 56 Monkeys fed a diet containing cocoanut oil and butter for 24 months showed lipid-filled lesions with an increased dermatan sulphate and chondroitin 6-sulphate content and a decreased heparan sulphate and hyaluronic acid content. A diet of peanut oil resulted in fibrous lesions with less lipid, and the glycosaminoglycan changes showed an increase in heparan sulphate and hyaluronic acid and a decrease in dermatan sulphate and chondroitin 6sulphate. 57 Our studies provide an ultrastructural localization of PG within areas of the aorta showing simultaneously different susceptibility to lipid accumulation during cholesterol feeding. The blue areas represent a small proportion of the total aortic surface, thus the increase in large granule content would not be shown by extraction of the total vessel. Moreover, after 15 weeks of cholesterol feeding there was a significant reduction of large granules in the white areas. The glycosaminoglycan changes in monkeys after 24 months of cholesterol feeding are also consistent with our observations in that in the blue areas of lipid accumulation there was an increase in the dermatan sulphate-chondroitin sulphate component shown by the large granules.
These studies show that the normal arterial wall PG concentration is higher in areas of low permeabil-ity than in areas of high permeability. The increase in concentration of the dermatan sulphate-chondroitin sulphate component under the influence of cholesterol feeding may be correlated with the subsequent accumulation of extracellular lipid in conditions of increased endothelial permeability.
